Increased flood peak discharge and sediment load have been observed following the Cerro Grande Fire in Los Alamos, New Mexico. Because of concerns about the potential migration of radionuclides, a sediment transport model, HEC6T, was used to describe the observed scour, deposition and sediment transport in the wake of the fire. The model was then used to evaluate a grade-stabilization alternative in the portions of the channel, which the model predicted would be the most adversely impacted by post-fire scour. A five-year simulation was used to test the effectiveness of grade control -relative to taking no action. The simulation showed that the most upstream grade stabilization structure trapped the most sediment. Scour could occur below the structures. By causing sediment to deposit on the upstream side of the structure, the water flowing over the structure is able to scour because transport capacity is above the concentration in the flow. Overall, the simulations showed that grade stabilization can be an effective method for reducing scour. However, the design and emplacement of the structures requires analyses and interpretation accounting for hydrology, hydraulics, sediment transport and sediment yield.
Introduction
In May 2000, the Cerro Grande Fire burned a total of 17,400 hectares, including about 85% of the steep forested lands in the headwaters of streams that flow through Los Alamos County, the Los Alamos National Laboratory (LANL), and pueblos located in the Jemez Mountains and on the Pajarito Plateau in Northern New Mexico. Much of this was high severity burn, which burned both trees and the underlying duff layer. The fire preceded the summer rainy season, which is characterized by intense convective rain events. Flood peaks following the fire increased by one or more orders of magnitude relative to pre-fire flood peaks (Canfield et al, (in press ). Roads, buildings, sewer lines and other infra-structure located in canyon bottoms were damaged by post-fire flooding and coincident sedimentation and scour. Of particular concern is the fact that sediment in some of the canyons downstream of LANL facilities contains low levels of residual contaminants from weapons related activities during and following the Manhattan Project (Lane, et al., 1985; Graf, 1994; Reneau et al., 1998) . Concern over the impact of post-fire hydrologic processes on human safety, facilities and infrastructure prompted the development and application of models to assess the likely magnitude of post-fire flooding (Earles et al, 2004; McLin et. al 2001) and its impact on sediment and contaminant transport (Wilson et al. 2003; Wilson et. al 2001; Canfield et al (in press ))
The HEC6T model was calibrated against cumulative volume change determined by ALSM (Airborne Laser Scanning Mapping) digital electronic data collected in July, 2000 and November, 2001 . This period included a 40 m 3 /s event that has been estimated to be a 5-year post-fire event (Canfield et al. in press ). This event was approximately two orders of magnitude greater than the peak discharge of 0.3 m 3 /s measured in the seven-year period of record prior to the fire. The determination of the cumulative volume change is the subject of a separate paper. The results of the sensitivity analysis and model calibration are also described elsewhere (Canfield et al. (in press) ).
The observed pattern of scour and deposition in Pueblo Canyon strongly mirrors the channel gradient, and the calibrated HEC6T model describes this pattern. The presumed source of the plutonium in Pueblo Canyon is Acid Canyon, a tributary in upper Pueblo Canyon (Reneau et al, 1998) . From Acid Canyon to about station 7770 m (stationing in m above the confluence of Pueblo Canyon with Los Alamos Canyon), the channel is steep (>2%), but with very little stored alluvium. From station 7770 m to station 3660 m, the channel profile is linear with a gradient of about 1%, and deposition has been observed to occur. The lower reach, from the 3660 m to the outlet of Pueblo Canyon (i.e. station 0), has a convex profile with a gradient that increases to about 2%. The model predicted that the channel would scour in the upper and lower reaches, and agrade in the middle reach. However, the lowest portion of the channel from about 2600 m to the confluence with Pueblo Canyon was predicted to experience the greatest volume of scour, and was, therefore, predicted to be at the greatest risk to mobilize contaminants (Wilson et al. 2003 ).
An investigation aimed at assessing the usefulness of the HEC-6T sediment transport model (Thomas, 2003) in evaluating the performance of grade control structures in Pueblo Canyon was undertaken as part of the proposed remediation activities. This study uses the calibrated HEC6T model to consider the predicted effect of grade control on Pueblo Canyon near Los Alamos, New Mexico below burned watersheds.
Grade Control
Grade control is one of the most common methods used to reduce scour in gullies and channels. The concept of these structures is simple. Raising and stabilizing the bed of a channel at intervals reduces the average slope of the channel bed, thus contributing to a net decrease in the transport capacity of the flow, and total shear exerted on the bed. This cannot only prevent scour. It can cause deposition of the coarser particles in the flow. While grade control clearly traps sediment upstream of the grade control structure, some analyses have concluded that net change in stored sediment may be small (Simon and Darby, 2002) . These authors' analysis indicates that the grade control must be installed above a nick point so as to prevent the migration of the nick point upstream. Furthermore, they note that while the grade control structure traps sediment, more scour may occur downstream of a structure, because the flow may be above transport capacity for some particle size classes, thus contributing to downstream scour that may be greater than would occur in the absence of the structure.
Objective
The objective of this study is to determine the relative impact of grade control on preventing the migration of sediment containing residual concentrations of radionuclides in the lowest 2600 m of Pueblo Canyon. The concept was to cover these sediments with cleaner sediment derived from further upslope (Figure 1 ). 
Methods
The study describes the impact of grade control on stabilizing sediment upstream of structures relative to the no action alternative using the HEC6T model to evaluate this impact when subjected to a 5 year stochastic flow sequence.
Grade control was designed to focus on stabilization of the channel bed in the lower reach of Pueblo Canyon where the model predicted significant bed degradation and channel instability under baseline conditions of no grade control. The design featured grade control structures located every 152 m from below cross-section 2590 m to the confluence of Pueblo and Los Alamos canyons. This scenario aimed to decrease the slope of the lower reach of Pueblo Canyon from about 2 % to about 1%.
The HEC6T Model
HEC6T (Thomas, 2003 ) is a one-dimensional sediment transport model that couples the solution of the gradually-varied form of the Saint Venant Equations with the five basic sedimentation processes: erosion, entrainment, armoring transportation, deposition and the compaction of sediment. The HEC6T Model is an update of the widely-used United States Army Corps of Engineers HEC6 Model (USACE, 1995). HEC6 has been used to model scour and deposition in channels (Sinnakaudan et al. 2003; Zeng and Beck 2003) . HEC6T allows scour and deposition to be described at a cross-section, with a reach being characterized by the space between the two crosssections. For each reach, the sediment available for scour can be envisioned as a control volume with a given width, depth and length.
Classical, non-cohesive sediment transport functions are used for sand and larger particles (> 0.0625 mm), and cohesive sediment transport functions are used for silts and clays (< 0.0625 mm). The empirical coefficients, that are required for the cohesive functions, can be prescribed in the input data. For this simulation the Yang (1973) total load sediment transport capacity equation was used to calculate sediment transport and deposition.
Structural Implementation of Grade Control in HEC6T
The grade control structures in the lower reach of Pueblo Canyon were implemented in the model by modifying existing HEC6T cross-sections so that the top elevation of the cross-section was 1.5 m above the level of the bed. In general, this elevation crossed the channel at approximately bank full level. The erodible depth parameter was set to zero at these cross sections. In addition, erodible depth was set to zero in the two cross-sections downstream of the grade control cross-section. This aimed to simulate engineered armoring below the grade control structures, and allowed predicted flow velocities on the downstream side of the structure to stabilize as they would under actual conditions.
The design also included representation of buried grade control in the upper reach of Pueblo Canyon. These structures, installed perpendicular to flow and level with the elevation of the existing bed, aim to limit scour without trapping sediment. The structures were implemented in the model by assigning a value of zero to the erodible depth parameter at the HEC6T cross-section representing the structure. The specifications for the revised grade control structures are given in Table 1 . 
Post-Fire Discharge
To test whether the implementation of grade control is predicted to be effective, a series of post fire flow events was prepared using stochastic methods. These events focused entirely on events that occur in the summer monsoon at soon after post-fire conditions. Runoff rates are known to decline over time as the watershed recovers (e.g. Robichaud et al. 2000) . This recovery was not considered in these simulations in order to assume a conservative (i.e. worst case) scenario.
Post-fire peak discharges were dramatically higher than pre-fire peak discharges. After the fire, the previous peak discharge of 0.31 m 3 /s for the previous seven years was exceeded numerous times. , a five year long post-fire sequence of runoff hydrographs was prepared to evaluate the effectiveness of grade control scenarios. These events had a maximum sediment load of 150,000 mg/l, which was based on the range of concentrations in the events that have been sampled.
Results
The model predicted the greatest influence of grade control on bed scour and deposition in the lower reach of Pueblo Canyon. The model predicted up to 2 m of scour along the bottom 2600m of Pueblo Canyon for the no action scenario. In contrast, the grade control structures caused significant bed agradation in the channel. Figure 2 shows that after 5 years of simulated floods, most of the structures have filled in a crest to toe manner, and the upper three structures filled above existing grade even downstream of the structure. In Figure 2 , the grade control profile is just slightly higher than the base profile, while the no-action profile is clearly below the base profile. The figure shows that the depth of scour without the structures will be greater than the depth deposited with the structures in place. While the model predicts scour below some structures (e.g. downstream of second structure at ~2,200m), the final grade control profile is higher than the predicted no-action alternative profile for the entire profile.
While the scour depth is greater than the deposition depth in figure 2 , the volume increase from grade control is much greater than the predicted volume decrease from scour in the no-action alternative as indicated in Figure 3 . The apparent greater scour along the profile than deposition occurs, because scour tends to incise the narrowest portion of the channel, while deposition fills to the widest limits of the grade control structure. Therefore, the impact of the grade control is to deposit more material behind the structures than would be scoured if the structures were not in place.
Impact of Grade Control on Sediment Yield and Export of Fines
The model also predicted that the grade control would trap a significant amount of course and fine sediment. Table 2 summarizes the effectiveness of grade control as a sediment trap as a function of time. It is important to distinguish the effectiveness of trapping for both fine and coarse sediment. Trapping of fines is of particular concern, because plutonium adsorbs strongly to particles, so more plutonium is transported on fine particles that have a higher specific surface area (Lane et al (this volume) ).
At the end of five years the model predicted that the grade control structures would trap 49% of the coarse material and 26% of the fines moving through Pueblo Canyon. Although the effectiveness of grade control as a sediment trap is predicted to decrease with time, the structures act to stabilize bank material upstream of the structure, making contaminated bank material unavailable for transport. 
Discussion
Other studies have noted that a series of grade control structures can have the effect of excessive deposition on the upstream end, and excessive scour downstream of the last structure. Simon and Darby (2002) studied the effect of grade control downstream of structures in loess (silt and silt loam) soils in Mississippi. A series of grade control structures were installed in 1980, which resulted in a net increase in the volume of deposition behind the structures. However, the study concluded that net scour would occur in the reach as a whole, because more scour would occur downstream of the last structure as the stream returned to transport capacity. The study showed a moderate decrease in trapped sediment from the upper to the lower structures.
While this decrease from upper to lower structures is much more pronounced for the simulations at Pueblo Canyon, the sediment at Pueblo Canyon is much coarser than the sediment from loess streams in Mississippi. In Pueblo Canyon, sediment is transported in high-discharge, ephemeral flows, with an appreciable coarse bed load, which is likely to be trapped uspstream of a structure. This is in contrast to the silt loam soils in Simon and Darby's (2002) study, which are more likely to be transported as suspended load, and may be more readily transported over a structure.
An alternative approach would be to place the structures at a shorter spacing, so as to reduce the gradient to virtually zero. Lenzi and Comiti (2003) studied the effect of grade control on stabilizing a mountain stream in the Alps. Unlike the scenario used in Pueblo Canyon, these grade stabilization structures had a reverse grade (i.e. downstream crest is above the toe of the upstream structure). The net effect of these structures was to trap sediment, and decrease the particle size of sediment passing to the next downstream structure. There was no protection below the structures, and a plunge pool formed below most of the structures. Downstream of the plunge pools, if the distance between structures was large enough, sediment was deposited downstream of the plunge pools, thus raising the bed. If the distance between structures was too short, the plunge pools extended to the next downstream structures. Therefore, there may be a risk in placing structures too close together, and certainly the cost would be greater.
Conclusions
Although model predictions show that appropriately designed grade control provides sediment and thus, contaminant trapping benefits, this modeling activity was primarily aimed at examining the efficacy of using HEC6T to evaluate remediation options in Pueblo Canyon. The study demonstrated that HEC6T can be used to evaluate engineering options to control sediment and contaminant transport in canyons at Los Alamos.
The model runs showed that grade control could be effective at stabilizing plutoniumbearing sediments subjected to a 5 year simulation of high discharge, sediment-rich events. It did not address the effectiveness of other remediation solutions. Modeling would provide a means to optimize a design for plutonium transport control that can be both effective and cost efficient.
